Abstract-Very high electromagnetic forces are generated in the superconducting coils of high field accelerator magnets. The cables, which are used to wind the coils, can withstand limited pressure levels and strains generated during the powering without degradation. To protect the cables from mechanical damage, reliable prediction of strain and stress inside the coil is paramount for designing suitable support structure of the magnet. This is naturally done before a magnet is built and tested, which emphasizes the need for reliable modeling. Conventionally, the mechanics in superconducting coils are modeled assuming homogenized material properties inside a homogenized coil volume. Using this so-called coil block approach, predicting the actual cable strain or stress inside the homogenized volume is unreliable. In order to predict reliably the stress in the cable, more detailed representation of the modeling domain is needed. This paper presents a workflow to perform a detailed mechanical analysis using finite-element analysis following the envisioned and more detailed approach. As an example, a high field 20 T+ magnet with clover leaf ends is studied, and results are discussed. The results reveal considerable difference between the behavior of modeled homogenized coil blocks and coils where turns are individually considered.
characteristics that the modelling should take in account. The coils of an accelerator dipole are wound from cables to reduce the inductance. These cables form typically a radially stacked topology in the ends of the coils and have straight sections between the ends. The cable, insulation and possible impregnation material form the coil composites. Due to this, the coil modelling has to cope with anisotropic mechanical material properties in all three dimensions.
Conventionally the mechanical modelling of both LTS and HTS magnets has employed drastically simplified modelling domains. This is done by reducing the coil representation to a coil block with homogenized (smeared) material properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . We denote this approach by the name coil block model. Due to the layered structure of the REBCO tapes and coils, properties for the homogenized coil domains (like Young's modulus, shear modulus and Poisson's ratio) are challenging to obtain by measurements. The same applies for LTS coils even though their cable and conductor geometries are different. The homogenization of the shear modulus used for the coil block model is based on the cable material thicknesses (material proportions). Another option is to compute the missing property if two of the three are known from measurements: Young's modulus, shear modulus and Poisson's ratio.
For LTS, the Young's modulus of a representative coil section under compression has been measured using the so-called 10-stacks [11] [12] [13] . In [14] measured Poisson's ratio was reported. To use the values to drive magnet design, von Mises stress is computed in the coil block models and the maximum stress value is compared with empirical limits for coil degradation. However, those limit values have no physical motivation once being compared with results computed in a homogenized block. More advanced methods are being developed [15] . It is noteworthy that normally von Mises plots are only useful to evaluate maximum strains and stresses in an isotropic material, like steel. As the coils certainly are not isotropic, it is questionable to use von Mises. Moreover, von Mises stress and strain results differ between 3-D, 2-D plane stress and 2-D plane strain models due to different definition of the von Mises stress and strain in these models. However, if the directions of the stresses don't play a role, and limitations due to its definition are known, von Mises can simplify the observation of the results in isotropic materials.
Powered transverse stress and axial strain measurements have been performed for HTS conductors in uni-axial loading condition in elastic and inelastic regions. [16] [17] [18] [19] [20] Transverse pressure limits for a Roebel cable have also been measured [21] [22] [23] [24] [25] , but there is a strong variation in the results depeding on a myriad of testing conditions. [26] However, it is not clear how to utilize the measured values to drive magnet design using the coil block assumption.
Inside a homogenized domain of composite material it is not possible to predict a local stress-strain state of the composite by definition. Therefore, in-depth understanding requires more detailed models than the coil block models. Furthermore, a 2-D central cross-section analysis may not be sufficient for designing a magnet. This is due to the fact that the peak stress may not occur at the central cross-section of the coil. Also, there may be a strong mechanical interaction between the 3-D coil ends and the straight section. Designing the supports of the coil ends requires 3-D approach [1] .
In an epoxy impregnated coil, epoxy may not enter between the conductors, like in [27] . Thus the cables are formed from stacked tapes that have slipping interfaces between them. Due to similarity of materials inside the uninsulated cable, the cable may be represented by homogenized properties. One drawback is that tape slippage along the slipping interfaces or tape separation must be ignored, like in the coil block models. However, both the slippage and separation may be less important if the tapes stay transversally under sufficient electromagnetic pressure. In that case the cable shear forces get appropriately transmitted through the cable because the frictional force between the tapes is sufficient for the transfer. A real cable structure under this kind of load behaves more like a homogenized cable structure.
In a coil structure, the homogenization is always an arbitrary modelling assumption. Due to this choice the low stiffness impregnated glass fiber layers are omitted between the turns and the wound complex cable topology is replaced by one solid coil block. This coil block then behaves like one entity. In reality, the turns mechanically interact through the relatively elastic insulation layer. The insulation is analogous to a set of small elastic springs distributed densely between the turns. The real coil deformation due to powering is likely much affected by the insulation.
Modelling a thin insulation layer requires very thin elements. To 3-D model insulation in large magnets, finding mesh sparing methods is important. The number of elements may be reduced by replacing the insulation elements between the uninsulated cable elements with elastic contact elements.
The slipping interfaces and the elastic insulation layers both contribute to the conductor movement. They allow the conductor to behave more like a thin shell structure that is prone to buckling. All this is analogous to a book loaded by a body force density, where the pages are made of steel and some of the pages are glued together. However, to strike a balance between complexity and simplification, the turns can be homogenized into blocks and connected by elastic interfaces. This approach is introduced in this paper and denoted as a cable block model. In this approach the elasticity of the thin coil insulation is modelled using the contact algorithm explained later. It should be noted that the tape separation in a real coil may happen if the turns are not compressed together. In this case the results of both the coil and the cable block models are not valid by definition. The thermal contraction effect of the insulation is not included in the cable block model used in this study. Knowing the limitations of the model, it is possible to ignore the von Mises plots used in the past for magnet design. With the cable block model it is possible to have more accurate approximation of the stress and strain plotted in three spatial directions in the local system of the cable with a single turn resolution. The computed stresses and strains in the cable may be plotted for each material layer of each tape. This paper is a step towards a more detailed coil model from the recent advances: 1) recently in 2-D modelling domain the coils were represented with single turns in mechanical modelling [28] [29] [30] and 2) a canted-cosθ coil (CCT) was modelled in turn level in 3-D using periodic symmetry [31] [32] [33] . For an extensive comparison, a full 3-D CCT-magnet model with turn level modelling was introduced. The model was compared with the 2-D and 3-D models utilizing periodic symmetry. [34] This paper studies the differences in strain and stress results achieved with the conventional coil block and the above described cable block model approaches in 3-D. The magnet under study is a recently proposed 20 T HTS accelerator dipole with novel clover leaf ends [35] .
II. 20 T CLOVER LEAF MAGNET
The 20 T clover leaf magnet is introduced in [35] . Magnets with similar coil ends have also been presented in [36] , [37] . Both the poles are comprised of two double pancakes: a race track coil laying on top of a clover leaf end coil as seen in Fig. 1 . The magnet is designed to produce a 20 T bore field. The race track coil features a spacer seen in Fig. 1 to reduce the peak field in the end of the race track coil. The 12 mm wide YBCO tape for the cable includes two 20 μ thick Cu stabilizer layers, a 50 μm thick Hastelloy substrate, 9 μm Ag and 1 μm thick YBCO layer. The cable of the clover leaf end coil consists of 10 tapes, and of the race track coil consists of 12 tapes. The simplified CAD-model of the magnet octant is shown in Fig. 2 and Fig. 3 .
The core of the supports is a high strength Inconel former where a large slot is machined for each of the coils and the aperture. Once the coils are powered, they push outwards. In Fig. 4 we can see the electromagnetic force density applied in the coils at 20 T. To reduce the deformation of the coils, enough material is left between the coil slots of the base material to transfer some of the force back to the center of the coil. This is shown by (d) of Fig. 5 . This mid-plane support structure is an adaptation from the mid-plane support structure introduced in [38] . There is a lid that is set tightly at the top of the former using shrink fitting. The top lid reduces the displacement of the former. To prevent this top lid and former bending up like a cantilever, a second lid is placed at the side of the former to vertically clamp the top lid and increase overall stiffness of the structure. These deformations are demonstrated in Fig. 5 . This stiff lid support structure is called the double U-beam support. The aim is to wind and impregnate coils elsewhere and install them in their slots in the former with the outer and inner protective cooling rings around the coils.
III. MODELING
The two-layer clover leaf and race track coils are electromagnetically designed with Field 2018 [39] . Then, the coil geometry is imported to FreeCad open source software [40] which is used to export a step-file for Ansys Design Modeller [41] . The mechanical support structure is designed in Autocad Inventor 2018 [42] and assembled to the coil model in Ansys Design Modeller.
The mechanical study assumes discrete symmetry over the three central planes of the magnet. The modelling domain consequently is comprised of one octant of the magnet as shown in Fig. 2 and Fig. 3 . The length of the straight section in this model is 210 mm. Boundary conditions are set accordingly: in the symmetry xy-plane the z-coordinate is fixed and the x-and y-coordinates are free. Symmetry yz-and xz-planes are treated similarly. Other boundaries are free.
In coil block and cable block models the element coordinate systems are oriented in order to get the correct layer orientations for the coil. Copper and stainless steel have similar thermal contraction coefficients (for Cu [43] the value is 3.23 × 10 −3 and for steel [44] the value is 2.97 × 10 −3 from 293 K to 4 K). Due to similar thermal contraction of the constitutive materials, both the models, coil and cable block were simplified. The models do not take into account the thermal strain inside the tape layers, caused by the cool-down from room temperature to operating temperature. The computations are performed at a fixed temperature of 4.2 K. Throughout the paper, all models feature same models for all supports around the coils. Material properties are the same as in [38] , UNS S30400 properties representing the Hastelloy. Note that the residual stresses due to tape manufacturing are also not accounted for.
The coil block model utilizes SOLID186 3D 20-Node Structural Solid element [45] with homogenized material properties. The cable block model is more detailed. Each turn inside the coil requires thin elements and for this a SOLID186 3D 20-Node Layered Structural Solid shell element [45] is chosen. The element allows the large aspect ratio needed for the elements of the conductor. Two elements represent the cable in transverse direction, while four elements are set in a width direction. The used cable element allows for one layer or multiple layer material property inputs. Cases 1 and 2 are used for material inputs for the cable block. In Case 1 the material properties are first homogenized outside the model and then the properties are input for two layers (one layer in each element in the transverse direction of the cable) for the cable cross-section. In Case 2, the material properties of each tape are input for multiple layers forming the cable (14 tapes with four material layers in each forming the cable are represented by 7 × 4 layer material properties input for both elements employed in the transverse direction of the cable).
Each tape is modeled as a layered structure consisting of two copper layers on top and bottom side of the tape, a superconducting layer (Young's modulus values at 77 K from [46] ) on Hastelloy substrate (represented by UNS S30400 [44] ) and a silver [47] layer between the superconducting and top copper [48] layer. All of the layers are in stress-free state at the start of the computation.
Both the coil block and cable block models are used to analyze the race track in the following way: In Model 1, the coil block model is employed for both coils. The clover leaf end coils utilize a cable formed from 10 tapes, while the race track coil utilizes a cable formed from 12 tapes. In Model 2 the cable in the race track coils include 14 HTS tapes and the clover leaf end coils utilize 10 tapes. The race track coil employs the cable block model. The clover leaf end coil model is unchanged from Model 1. The difference of two tapes in the race track models is due to various reasons. In the cable block model, the 0.1 mm thick insulation is omitted from the material input of the cable domains. However, the cable domains of the CAD model have the thickness of the insulated cable. If the total thickness of material layers input in the composite elements does not match with the element's real thickness, Ansys automatically scales up the thicknesses of the layers. Due to this, the right thickness inputs for the layers inside the element are required. It was chosen not to leave empty gaps between the turns in the CAD, and also not to include the elastic insulation twice; once in the contact algorithm and once in the homogenization. The approach being used thus gives optimistic results for strains in our case due to extra stiffness. Also the homogenization provides extra stiffness, especially in width direction of the tape (width, as in Fig. 3 ). Due to this the space for the insulation is filled with tapes. There may have been the possibility to leave the gaps for insulation between the turns in the CAD model. By using positive interference values for the contacts, which perfectly match the thickness of the insulation, the contacts would be determined closed even if the virtual gap exists, but it was not tested. Contact element chosen is Conta174.
Initially, the two double pancake coils employ homogenized coil block model in 2-D. Once the central cross-section of the supports is developed around the coils, the magnet is modelled in 3-D to develop the supports of the ends of the coil.
After the initial study with Model 1 it is seen that among the coils, the race track has a higher strain level than the clover leaf end coil. The maximum strains are generated at the end of the coil. Thus it is decided to model the race track coil in detail using the cable block assumption in Model 2 to get a more realistic view of strain field distribution on each turn. Lower strains are seen to be generated in the Clover leaf end coil, and thus the coil block model is used in in all computations.
To simplify the modelling as explained in the introduction, the insulation is modelled using penalty contact algorithm. It allows the user to define a spring stiffness per unit area. It only acts in the direction normal to the face of the contact element (stiffness per unit area, or force per unit length per unit area [N/m 3 ]) independently for tangential and normal directions of the contacts. The stiffness per unit area is calculated by the displacement given by contracted material of cross-section A, thickness t and Young's modulus E subjected to force F equated with a displacement given by the spring stiffness per unit area.
A value of 110000 MPa/mm is given in normal direction of the contact element. For the tangential direction the value of 165000 MPa/mm is given corresponding to either the warp or fill direction of the impregnated glass fiber insulation. These values correspond to the total thickness of 0.2 mm and Young's moduli of 22000 MPa for the transverse and 33000 MPa for the tangential direction. These values correspond with G11 properties.
Between the coil layers, the G11 separation sheets are modelled using the same thin solid shell elements as used in the cable of the cable block model. For G11, Young's modulus in transverse direction is from [49] , in fill direction from [50] and in warp direction from [50] . Shear modulus and Poisson's ratio are from [49] , [50] , [51] (fill direction of the G11 sheet is along the direction of the straight part of the coil). The G11 material properties are treated like in [29] .
In the cable block model, the separation sheets are connected with the cable elements using the same elastic contacts as between the turns (as mentioned above). In the coil block model the separation sheets are connected with standard bonded contacts. The penetration of the contacts between the frictionless and all standard bonded contacts is limited to 5-10 μm in both models.
Because of the magnetic forces the coils push outwards. It is assumed that due to low bonding strenght of the epoxy, the coils are only bonded to the outer cooling rings and are allowed to slide by frictionless contacts at all other sides. Due to this the contacts at the inner side of the coils may also fully open. The mesh is systematically mapped around the coils in order to achieve fast convergence because the nodes at the interfaces are close to one another.
The straight part of the inner race track coil is a stack of 7 cables. It is modelled in a separate analysis to compute the Young's modulus of the coil block and cable block models in transverse direction. The Young's modulus is computed from a model that employs transverse displacement load acting against a frictionless support of the straight part of the coil.
Before explaining the results, a separate Young's modulus analysis is performed in the above mentioned way for a single turn of Model 2 without any elastic contacts. The turn reaches a Young's modulus of 161 GPa in Case 1: homogenization by using material thicknesses should yield 164 GPa. This benchmarks the cable model.
In the separate analysis of the cable stack it is found that the inner race track coil block has a Young's modulus of 141 GPa, while the cable block model has a Young's modulus of 59.8 GPa in the Case 1 and 45.8 GPa in the Case 2. These numbers arrive to the same ball park with comparable measurements. Transverse Young's modulus measurements were performed on an impregnated dummy 3-stack Roebel cable made of stainless steel tapes [52] . According to the measurements, the dummy impregnated Roebel cable has a modulus between 20-30 GPa at room temperature. This Roebel cable stack is modelled using the cable block assumption (assuming a tape stack instead of a Roebel geometry). For the impregnated glass fiber insulation thickness range of 0.2-0.36 mm, the modelling yields a Young's modulus range of 62.5-41.8 GPa. The glass fiber insulation used is S-2 493 33 [53] impregnated with CTD-101K. The glass fiber thickness should be around 0.2 mm, but it is not certain. Thus, the difference between modelling and measurements is likely mainly due to highly elastic epoxy (Young's modulus is around 4.4 GPa at room temp. [54] ) constituting a much larger portion of the cable sample's thickness.
When the inner race track coil cable stack's elastic contact spring stiffness per unit area for normal and tangential directions was set to 3 orders of magnitude larger values than in the reference case, the Young's modulus of the cable stack rose at the level of the single turn modulus of 161 GPa without the elastic contacts in cable block, Case 1. This benchmarked the contact model and showed that the elastic contacts are properly functioning.
IV. RESULTS
The conventional Model 1 takes 1.5 h time to solve. The Method 2 enables solving a case including 50 individually modelled turns in the race track coil in four to five hours, which is not a huge increase in time compared to Model 1.
In the case of anisotropic material domains like the coil domains, it is useful to look into directional strain in the solution coordinate system. In Fig. 6 we can see the strain fields of the coils plotted into all three dimensions for the Model 1 and 2. In the plot, the results of Model 2, Case 2 are shown. Case 1 results show strains 8% lower than Case 2. It can be seen that the strain field is similar between the modelling cases in the cable axial direction, however the strains are 33% higher in Model 2, than Model 1. The axial strain values of 0.45-0.6% read from both models are very close or reach an irreversible critical current degradation limit of ∼0.6% according to [20] .
The strain values are low in the transverse direction and both Models 1 and 2 agree and show that there is compression towards the pole in the inner race track. Closer examination shows, however, that only Model 2 allows the race track to touch the pole. In Model 1 shown in Fig. 7 the coil does not touch either the spacer nor the pole.
In vertical (cable width) direction, the results agree between models but not in the curved section of the coil. The high strain in the axial direction implies that the race track is not a viable option without modifications. It looks like as the straight parts of the coils expand outwards, the race track coil end is being pulled too much. A dog-bone shape of the race track coil may be a solution.
In the cable block model, the maximum transverse cable pressure occurs at the lower deck of the race track coil, at the center symmetry of the coil. It stays at an acceptable value of 250 MPa. The pressure value cannot be read from the coil block model, as there are no contacts inside the coil domains.
At Point 1 of Fig. 5 of Model 2, Case 2, the coil total displacement is 0.14 mm in all models. The total displacement of the race track at Point 3 of Fig. 5 in Model 1 is 0.34 mm, while the displacements of the Model 2 in Case 1 and 2 are 0.50 mm and 0.55 mm, respectively. In the other hand, at Point 2 of Fig. 5 the coil displacement is 0.2 mm in all models. Thus, ignoring the interaction of the coil and the supports, the double U-beam support with the coil support plate deflection is responsible of 40% of the total displacement at the center of the coil. The differences between the results of Model 1 and 2 come from the elastic contacts of the insulation layers between the turns decreasing overall stiffness of the structure. Due to this in Model 2, the transverse forces load the cable axially more than in Model 1.
The insulation modelling has a huge impact on the Young's modulus of the cable stack. There is also a small difference in Young's modulus of the single turn between Cases 1 and 2.
The strain values measured far from the coil, at the side lid at Point 1 of Fig. 5 are inside 2% in all the coil models. Therefore, it is doubtful to validate mechanical models of the coil packs using strain gages at the surface of the support structure.
V. CONCLUSION
Several new mesh-sparing modelling approaches in 3-D were developed to be able to predict strains and stresses of the high field coils with thin tape and insulation layers.
Conventional coil block assumption homogenizes all the constituent materials of the coil winding into a single domain. The cable block model homogenizes the cable cross-section without insulation into one composite domain and connects the turns with elastic contacts. This structural difference causes the cable block model with individual turns modelled to have less stiffness.
Initially the coil block and cable block models were developed to study the modelling methods. Direct measurement of strain on the coil surface is not possible with current status of technology. This is due to high forces present, limited space available and low temperature. Moreover, the magnet is under an initial study phase and it is unknown which type of magnet will be built. Due to this it is not possible to quantify the differences between the methods. The models merely are used to qualitatively understand the sensitivity of the results with respect to various modelling assumptions. The results between the models are distinctly varied. The more detailed model shows worse results than the conventional simplified model.
The displacement results between the conventional coil block and new cable block model approaches vary by 66%, showing higher values for the detailed cable block model. Due to high cable axial strain, it can be seen that the race track is not capable of taking the high field electromagnetic pressure without irreversible critical current degradation.
The models have showed a couple of things to take in account in coil modelling: 1) Homogenization by material proportions gives too high Young's modulus estimate for a straight part of a coil in transverse direction. This will have a huge impact on results. 2) 2-D analysis is not sufficient for the full coil design. Important design problems arise in how the ends of the coil are built. Therefore, 3-D analysis is necessary.
3) The coil block model cannot be used to evaluate strains or stresses of individual turns inside the coil pack. 4) The huge difference between the results of the coil and cable block models are independent from the coil winding type. It is more connected to the modelling of the wound turns and their mechanical interfaces. 5) The huge difference implies that the conventional modelling approaches are not sufficient by underestimating the coil stresses and strains. The strain results of the modelling cases may even show a different sign in the results.
6) A coil model cannot be called "validated" by the strain gage measurement from outside the coil (f.e. from the supports). 7) In a high field magnet the race track coil may not be the best solution due to the high strain imposed on it. It may be a solution to redesign the coil with dog bone ends. 8) The clover leaf end coil is located further away from the high field present at the end of the coil. It can be seen that the clover leaf end coil manages strain much better than the race track, especially at the ends of the coil. 9) The contact surfaces of the individual turns in the cable block model can be utilized to monitor transverse cable pressure. Therefore, the coil can be engineered for a chosen design pressure.
